Introduction {#sec1-0300060516683077}
============

Interleukin (IL)-1β and tumour necrosis factor (TNF)-α are two key mediators involved in degenerative changes in intervertebral discs, and are synthesized and secreted by monocytes, macrophages, and annulus fibrosus cells.^[@bibr1-0300060516683077],[@bibr2-0300060516683077]^ A range of clinical, *in vivo* and *in vitro* studies suggest that excessive secretion of IL-1β and TNF-α may cause a variety of degenerative osteoarthropathies, including osteoarthritis and intervertebral disc degeneration.^[@bibr3-0300060516683077][@bibr4-0300060516683077][@bibr5-0300060516683077]--[@bibr6-0300060516683077]^ The increased levels of inflammatory cytokines, such as TNF-α and IL-1β, associated with degenerative intervertebral disc disease in humans and in animal models, are thought to compromise the water binding capacity and biomechanical properties of the intervertebral disc, thereby promoting the degenerative state.^[@bibr7-0300060516683077],[@bibr8-0300060516683077]^

Electromagnetic field stimulation has complex effects on the physiological status of cultured cells, for example, a low-frequency (LF) pulsed electromagnetic field (PEMF) has been shown to induce the proliferation of stem cells and human chondrocytes.^[@bibr9-0300060516683077][@bibr10-0300060516683077]--[@bibr11-0300060516683077]^ The present study aimed to determine whether LF-PEMF stimulation affects nucleus pulposus cell function via regulation of IL-1β and TNF-α secretion, providing molecular biological evidence for the use of LF-PEMF stimulation to treat intervertebral disc degeneration.

Materials and methods {#sec2-0300060516683077}
=====================

Isolation and culture of primary rat nucleus pulposus cells {#sec3-0300060516683077}
-----------------------------------------------------------

For isolation and culture of nucleus pulposus cells, this study used male Sprague Dawley rats (age, 10 weeks; weight, 200--250 g). The animals had received care in compliance with the principles of the Association for Assessment and Accreditation of Laboratory Animal Care International (<http://www.aaalac.org>), and the experimental protocol was approved by the Animal Care and Research Committee of the First Affiliated Hospital of Soochow University, China. All surgical procedures were performed under sterile conditions.

Intervertebral discs from two healthy rats were extracted immediately following sacrifice by inhaled CO~2~. The entire thoracolumbar spine was removed, and the front disc attached to the muscles was stripped and rinsed twice with 0.01M phosphate buffered saline (pH 7.4; containing 1 g/l streptomycin and 1,000,000 U/l penicillin). The annulus fibrosus was then incised, and the gelatinous nucleus pulposus was removed. The gelatinous nucleus pulposus was then rinsed twice with Dulbecco's modified Eagle medium supplemented with F12 (DMEM/F12; ThermoFisher Scientific, Asheville, NC, USA) and digested in 0.25% type II collagenase solution (Sigma-Aldrich Corp., St. Louis, MO, USA) at 37℃ for 15--20 min. The digested tissues from the two rats were pooled and pipetted gently, then passed through a mesh filter, and suspended by centrifugation at 200 × *g* for 8 min. Cells were seeded in DMEM/F12 medium into a 25 cm^2^ culture flask at a density of 1 × 10^5^ cells/ml, and incubated at 37℃ under 5% CO~2~ and saturated humidity. When the cells reached 90% confluence, cells were detached using 0.25% trypsin (ThermoFisher Scientific) at 37℃ for 30 min and passaged at a dilution of 1:2 into 25 cm^2^ culture flasks.

PEMF stimulation {#sec4-0300060516683077}
----------------

Briefly, 2 × 10^3^ cells/well were seeded into 96-well plates, and 2 × 10^5^ cells/plate were seeded into 100 mm plates. Following incubation for 48 h at 37℃/5% CO~2~ in DMEM/F12, adherent nucleus pulposus cells were equally divided into five groups (three × 100 mm plates/group for Western blots, and four × 96-well plates/group for cell viability assays) as follows: control group, not subjected to LF-PEMF stimulation; and four experimental groups, stimulated with an LF-PEMF at different intensities (0.5, 1.0, 2.0, and 3.0 A/m) at a frequency of 2 Hz using a YK-2000 pulsed electromagnetic field device (YiKing Company, Guangzhou, China). Cells were exposed to 30 min of LF-PEMF stimulation twice a day for 7 consecutive days. All other culture conditions were identical between the control and experimental groups.

Cell viability assay {#sec5-0300060516683077}
--------------------

At day 7 of LF-PEMF stimulation, cell viability was evaluated using Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technology, Rockville, MD, USA) according to the manufacturer's instructions. Briefly, CCK-8 solution was added to each well of the 96-well plate and the cells were incubated at 37℃ for 1 h. To quantify cell viability, absorbance was determined at 450 nm using a microplate reader (Beckman Coulter, Brea, CA, USA).

Western blotting {#sec6-0300060516683077}
----------------

At day 7 of LF-PEMF stimulation, the cells were harvested from 100 mm plates and washed three times with ice-cold phosphate buffered saline (pH 7.4), then lysed in buffer (50 mM Tris-HCl \[pH 8.0\], 150 mM NaCl, 100 µg/ml phenylmethylsulphonyl fluoride, and 1% Triton X-100) for 30 min on ice. After removal of cell debris by centrifugation at 12 000 *g* for 5 min, the lysate protein concentrations were measured using a NanoDrop™ 2000 spectrophotometer (ThermoFisher Scientific). Next, 50 µg of protein from each experimental group was boiled for 5 min in sample buffer and separated by 12% sodium dodecyl sulphate polyacrylamide-gel electrophoresis and transferred to polyvinylidene fluoride membranes, which were then blocked with 1 × tris-buffered saline (TBS) -Tween-20 buffer (Thermo Fisher Scientific) containing 5% milk for 1 h at room temperature. The membranes were then incubated with goat anti-rat IL-1β monoclonal antibody (1:1000 dilution; Sigma-Aldrich) or goat anti-rat TNF-α monoclonal antibody (1:500 dilution; Sigma-Aldrich) at 4℃ overnight, then washed three times (5 min each) with 1 × tris-buffered saline (TBS). The membranes were then incubated with a horseradish peroxidase (HRP)-coupled rabbit anti-goat IgG monoclonal antibody (1:5000 dilution; Sigma-Aldrich) for 30 min at 37℃, and washed five times (5 min each) with 1 × TBS. The results were visualized using an electrochemiluminescent kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Membranes were also incubated with rat anti-β-actin antibody (1:1000 dilution; Cell Signalling Technology, Danvers, MA, USA) for use as an internal control.

Sandwich enzyme linked immunosorbent assay (ELISA) {#sec7-0300060516683077}
--------------------------------------------------

Secreted IL-1β and TNF-α concentrations were measured using sandwich avidin--biotin complex ELISA kits (Rat IL-1β and Rat TNF-α ELISA Kits for cell and tissue lysates; Sigma-Aldrich) according to the manufacturer's instructions. Briefly, the 96-well plates were loaded with DMEM/F12 blank control, reference standards at different concentrations of target protein, and study sample culture medium (3 wells/sample; 100 µl/well), and were then incubated for 2 h at 37℃. The sample solutions were then discarded, and the wells were washed 4 times with 1 × wash solution prior to adding 100 µl of 1 × prepared detection antibody, followed by incubation for 1 h at 37℃. Absorbance values of the samples were measured at 450 nm using an ELISA plate reader (Model 680; Bio-Rad, Hercules, CA, USA). The sample concentrations were determined by subtracting the OD values of the blank control from the OD values of IL-1β and TNF-α and using the standard curve as a reference.

Statistical analyses {#sec8-0300060516683077}
--------------------

Continuous data are presented as mean ± SD, and all statistical analyses were performed using SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA). Kolmogorov--Smirnov test was applied to test data normality, and a *P* value \< 0.05 was considered statistically significant. One way analysis of variance was used for between-group comparisons of normally distributed data. Post hoc multiple comparisons were performed in cases of statistically significant difference.

Results {#sec9-0300060516683077}
=======

The nucleus pulposus cells exhibited a flat morphology: polygonal cells were the most common, with a small number of spindle-shaped cells. Under visual microscopic examination, cell morphology appeared identical between the control group and the experimental groups stimulated with different LF-PEMF intensities (0.5, 1.0, 2.0, and 3.0 A/m; [Figure 1](#fig1-0300060516683077){ref-type="fig"}). Figure 1.Representative phase-contrast photomicrographs showing morphology of primary rat nucleus pulposus cells (original magnification × 10) exposed to low-frequency pulsed electromagnetic fields at intensities of 0.5, 1.0, 2.0, and 3.0 A/m, and at a frequency of 2 Hz, compared with untreated control cells. Visual analyses showed that cell morphology appeared to be unaffected by exposure to low-frequency pulsed electromagnetic fields.

There were no statistically significant differences in cell viability, according to CCK-8 analysis, at day 7 of LF-PEMF stimulation between the control group and the LF-PEMF stimulated groups ([Figure 2](#fig2-0300060516683077){ref-type="fig"}). Figure 2.Cell Counting Kit-8 analysis showing the effect of low-frequency (LF) pulsed electromagnetic field (PEMF) stimulation at intensities of 0, 0.5, 1.0, 2.0, and 3.0 A/m, and at a frequency of 2 Hz, on primary rat nucleus pulposus cell viability. There were no statistically significant differences in cell viability between the control group and experimental groups; data presented as mean ± SD (*n* = 3 replicates per group).

Visual analysis of Western blots showed that *IL-1β* and *TNF-α* were expressed in nucleus pulposus cells under all experimental conditions. In addition, there were no obvious visible differences in *IL-1β* and *TNF-α* expression between nucleus pulposus cells stimulated with varying intensities of LF-PEMF and unstimulated controls ([Figure 3](#fig3-0300060516683077){ref-type="fig"}). Figure 3.Representative western blots showing the effect of low-frequency (LF) pulsed electromagnetic field (PEMF) stimulation at intensities of 0, 0.5, 1.0, 2.0, and 3.0 A/m, and at a frequency of 2 Hz, on expression of interleukin (IL)-1β and tumour necrosis factor (TNF)-α in primary rat nucleus pulposus cells (*n* = 3 replicates per group). *IL-1β* and *TNF-α* were expressed under all experimental conditions and there were no obvious visible changes in IL-1β and TNF-α levels between the experimental groups.

Stimulation with LF-PEMF was shown to significantly decrease the secretion of IL-1β and TNF-α into the culture supernatant of primary rat nucleus pulposus cells in an intensity-dependent manner (*P* \< 0.05 between all groups) ([Figure 4](#fig4-0300060516683077){ref-type="fig"}). Figure 4.Enzyme-linked immunosorbent assay showing the effect of low-frequency (LF) pulsed electromagnetic field (PEMF) stimulation at intensities of 0, 0.5, 1.0, 2.0, and 3.0 A/m, and at a frequency of 2 Hz, on secretion of interleukin (IL)-1β and tumour necrosis factor (TNF)-α by primary rat nucleus pulposus cells. LF-PEMF stimulation was associated with significantly decreased secretion of IL-1β and TNF-α into the cell culture supernatants. Data presented as mean ± SD (*n* = 3 replicates per group); \**P* \< 0.05, versus other treatment groups (one way analysis of variance).

Discussion {#sec10-0300060516683077}
==========

Stimulation with LF-PEMF is reported to have complex biological effects on the physiological and biochemical characteristics of cells.^[@bibr12-0300060516683077]^ Exposure to PEMFs is a therapeutic tool used extensively for the treatment of several pathologies including osteoarthritis, Parkinson's disease, postsurgical pain and oedema, treatment of chronic wounds, and facilitation of vasodilatation and angiogenesis, producing direct stimulation to excitable cells including nerve and muscle cells.^[@bibr13-0300060516683077][@bibr14-0300060516683077][@bibr15-0300060516683077]--[@bibr16-0300060516683077]^ A moderately intense LF-PEMF stimulation is capable of promoting stem cell proliferation and mammalian cartilage repair, including in humans.^[@bibr17-0300060516683077][@bibr18-0300060516683077]--[@bibr19-0300060516683077]^ A moderately intense LF-PEMF has also been shown to stimulate the proliferation and differentiation of chondrocytes,^[@bibr20-0300060516683077],[@bibr21-0300060516683077]^ as demonstrated by two different research groups. To the best of the authors' knowledge, however, the effects of LF-PEMF stimulation have not been explored in nucleus pulposus cells.

In the present study, primary rat nucleus pulposus cells were stimulated with an LF-PEMF at different intensities, and levels of IL-1β and TNF-α were examined using western blot and ELISA techniques. The present results indicated that LF-PEMF stimulation had no visible effects on nucleus pulposus cell morphology or intracellular expression of *IL-1β* and *TNF-α*. Cell proliferation was also not significantly affected, however, LF-PEMF stimulation was shown to decrease the secretion of IL-1β and TNF-α in the culture supernatants in an intensity-dependent manner. These data suggest that LF-PEMF stimulation may inhibit extracellular secretion of IL-1β and TNF-α instead of suppressing intracellular synthesis of these inflammatory cytokines, possibly through changes in vesicular transport and membrane dissociation of transmembrane proteins triggered by the EMF-induced membrane potential change.^[@bibr22-0300060516683077]^ The mechanisms by which LF-PEMF stimulation may decrease secretion of IL-1β and TNF-α was not investigated in the present study, thus, further studies are required to elucidate the association between decreased IL-1β and TNF-α secretion and the biological effects on the membrane.

Interleukin-1β and TNF-α are two important cytokines that play critical roles in cell growth, proliferation, and apoptosis.^[@bibr23-0300060516683077],[@bibr24-0300060516683077]^ Following secretion from nucleus pulposus cells, IL-1β and TNF-α can bind to their membrane receptors and induce the down-regulation of B-cell lymphoma 3 protein, a member of the nuclear factor-κB family, promoting nucleus pulposus cell apoptosis.^[@bibr25-0300060516683077]^ Additionally, the production of IL-1β and TNF-α promotes the expression of matrix metalloproteinases and inhibits the synthesis of collagen and proteoglycan and the proliferation of nucleus pulposus cells.^[@bibr26-0300060516683077]^ TNF induces peroxidation in chondrocytes and, together with IL-1β, promotes the absorption of intervertebral discs, thus mediating intervertebral disc destruction.^[@bibr27-0300060516683077]^ In this context, the present authors hypothesize that interrupting the autocrine mechanism of IL-1β and TNF-α may have therapeutic potential for degenerative lumbar spine diseases and could improve the microenvironment of nucleus pulposus cells and promote tissue repair.

Several limitations of the present work should be noted. First, the study included pooled cells isolated from only two animals; secondly, three-dimensional culture systems, rather than the present two-dimensional adherent culture, would provide a more representative model of nucleus pulposus cells;^[@bibr28-0300060516683077]^ thirdly, cell morphology and intracellular IL-1β and TNF-α levels were only visually assessed in the present study, and no semiquantitative analyses were performed -- further research should include quantitative or semiquantitative analyses of the effects of LF-PEMF stimulation on *IL-1β* and *TNF-α* expression levels; and finally, further research should investigate other biomarkers, in addition to IL-1β and TNF-α, to elucidate the molecular mechanism of LF-PEMF.

In conclusion, the present study suggests that LF-PEMF stimulation may not affect *IL-1β* and *TNF-α* expression in primary rat nucleus pulposus cells, but appears to inhibit extracellular secretion of IL-1β and TNF-α in an intensity-dependent manner. These data provide an alternative explanation for PEMF-induced functional improvement in nucleus pulposus cells.
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